The regulatory mechanism of abnormal miRNA expression in astrocytes upon IL-17 stimulation remains unclear. Results: miR-873 induced by IL-17 promotes inflammatory cytokine production and aggravates demyelination in experimental autoimmune encephalomyelitis (EAE) through the A20/NF-B pathway. Conclusion: IL-17 regulates miRNA expression in astrocytes, which affects the pathogenesis of EAE. Significance: These data provide a novel regulatory mechanism in inflammatory autoimmunity diseases.
Interleukin 17 (IL-17), produced mainly by T helper 17 (Th17) cells, is increasingly recognized as a key regulator in various autoimmune diseases, including human multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE). Although several microRNAs (miRNAs) with aberrant expression have been shown to contribute to the pathogenesis of MS and EAE, the mechanisms underlying the regulation of abnormal miRNA expression in astrocytes upon IL-17 stimulation remain unclear.
In the present study, we detected the changes of miRNA expression profiles both in the brain tissue of EAE mice and in cultured mouse primary astrocytes stimulated with IL-17 and identified miR-873 as one of the co-up-regulated miRNAs in vivo and in vitro. The overexpression of miR-873, demonstrated by targeting A20 (TNF␣-induced protein 3, TNFAIP3), remarkably reduced the A20 level and promoted NF-B activation in vivo and in vitro as well as increasing the production of inflammatory cytokines and chemokines (i.e. IL-6, TNF-␣, MIP-2, and MCP-1/5). More importantly, silencing the endogenous miR-873 or A20 gene with lentiviral vector of miR-873 sponge (LV-miR-873 sponge) or short hairpin RNA (shRNA) of A20 (LV-A20 shRNA) in vivo significantly lessened or aggravated inflammation and demyelination in the central nervous system (CNS) of EAE mice, respectively. Taken together, these findings indicate that miR-873 induced by IL-17 stimulation promotes the production of inflammatory cytokines and aggravates the pathological process of EAE mice through the A20/NF-B pathway, which provides a new insight into the mechanism of inflammatory damage in MS.
Multiple sclerosis (MS), 2 a chronic autoimmune disease of the central nervous system (CNS) affecting young adults, is one of the foremost causes of non-traumatic neurological disability in young people. Reportedly, MS is driven by myelin-specific autoreactive T cells that infiltrate into the CNS and mediate an inflammatory response, resulting in demyelination and axon degradation (1, 2) .
Strong evidence suggests that T helper 17 (Th17) cells are involved in various autoimmune and inflammatory diseases (3, 4) . In MS, Th17 cells migrate across the blood-brain barrier into the CNS more efficiently than Th1 cells (5, 6) . It has been revealed that IL-17, a signature cytokine produced by Th17, mediates the inflammatory response by recruiting immune cells and facilitating proinflammatory cytokine production (7) , and IL-17 levels are notably elevated in MS, asthma, inflammatory bowel disease, psoriasis, and rheumatoid arthritis (4, 8) . Moreover, the blockade of IL-17 signaling in mouse astrocytes attenuates the CNS injuries in experimental autoimmune encephalomyelitis (EAE; a widely used animal model of MS) (9) .
Astrocytes, the major glial cell type within the CNS, regulate neuronal function and participate in the formation of the blood-brain barrier (10) . Furthermore, astrocytes have the capacity to interact with the peripheral immune system by recruiting leukocytes into the CNS (11) . In response to IL-6 and IL-17 treatment, astrocytes increase chemokine production to facilitate T cell recruitment to the CNS (12) . However, the mechanisms by which astrocytes contribute to MS/EAE upon IL-17 stimulation remain unclear.
MicroRNAs (miRNAs), a class of non-coding RNA (ϳ22 nucleotides in length), modulate gene expression by base pair-ing with specific sequences in the 3Ј-UTR of target mRNAs, causing the degradation of mRNA or the inhibition of translation (13) . Recently, the expression of several miRNAs has been identified and demonstrated to be up-regulated in mononuclear cells of peripheral blood or active lesions derived from patients with relapsing-remitting MS and EAE mice (13) (14) (15) (16) . However, the expression profiles and functions of miRNAs both in the brain tissue of EAE mice and in the astrocytes stimulated with IL-17 are still unknown.
The ubiquitin-editing enzyme A20 (TNF␣-induced protein 3, TNFAIP3) is a widely inducible cytoplasmic protein that negatively regulates NF-B-driven gene expression (17, 18) . The NF-B-driven astrocyte activation contributes to a more severe course of EAE (19) . It is now recognized that A20, as a central regulator of inflammation, is associated with several autoimmune disorders, including MS (20) .
In the present study, we found changes in the miRNA profiles both in the brain tissue of EAE mice (in vivo) and in the astrocytes exposed to IL-17 (in vitro). We selected miR-873, a co-upregulated miRNA in vivo and in vitro, to further explore its function and mechanism in regulating the production of some cytokines (i.e. IL-6, TNF-␣, MIP-2 (macrophage inflammatory protein-2), and MCP-1/5 (monocyte chemotactic protein-1/5)) and lesions of EAE mice. Our work revealed that miR-873 facilitated the production of inflammatory cytokines and chemokines in astrocytes stimulated with IL-17 by directly targeting and inhibiting A20 expression and indirectly promoting NF-B activation. Silencing either miR-873 or A20 both in vitro and in vivo decreased or increased the production of these cytokines and ameliorated or aggravated the CNS damage of EAE mice, respectively. Our findings suggest that targeting certain miR-NAs in astrocytes might be an important option to combat MS and EAE.
EXPERIMENTAL PROCEDURES
Animals-C57BL/6 mice were obtained from the Nanjing University Laboratory Animal Center. Protocols for animal experiments were approved by the Institutional Animal Use Committee of the Shanghai Institutes for Biological Sciences (Chinese Academy of Sciences). All mice were bred and housed under the care of the animal resources program.
Antibodies, Peptides, and Cells-Antibodies for mouse monoclonal anti-A20 (sc-166692), anti-␤-actin (sc-47778), and rabbit polyclonal anti-ROR␥t (sc-28559) were from Santa Cruz Biotechnology, Inc.; rabbit polyclonal anti-p-NF-B p65/Ser-536 was from Santa Cruz Biotechnology (sc-33020) or Cell Signaling Biotechnology (3033s); rabbit polyclonal anti-NF-B (8242s) was obtained from Cell Signaling Biotechnology; and rabbit polyclonal anti-phospho-IKB␣ Ser-32/36 (BS4105) was provided by Bioworld Technology. The secondary antibodies were goat antimouse IgG and goat anti-rabbit IgG (Sigma). Myelin oligodendrocyte glycoprotein (MOG) amino acids Mycobacterium tuberculosis (H37Ra strain, Difco). In addition, 200 ng of pertussis toxin (Invitrogen) in PBS was injected intraperitoneally on day 0 and day 2 after MOG(35-55) treatment. The immunization procedure of MOG was repeated once on day 7 after the initial administration. Mice were monitored daily for clinical signs of EAE and graded on a scale of increasing severity from 0 to 5, according to a previously published grading scale (21) : 0, no clinical signs; 1, limp tail; 2, paraparesis (weakness, incomplete paralysis of one or two hind limbs); 3, paraplegia (complete paralysis of two hind limbs); 4, paraplegia with fore limb weakness or paralysis; 5, moribund state or death. The same volume of PBS was injected into a parallel group of mice as into the negative control.
Primary Astrocyte Cultures-Primary astrocyte cultures from 0 -1-day-old C57BL/6 mice were established as described previously with minor modifications (22) . In brief, the cerebral cortices freed of meninges were dissected, minced, and digested. After being washed twice in Dulbecco's modified Eagle's medium/F-12 (DMEM/F-12) containing 10% fetal bovine serum (FBS) and antibiotics, the cells were filtrated through a 75-m cell strainer and transferred to culture flasks precoated with 1 mg/ml poly-L-lysine (Sigma) and cultured at 37°C with 5% CO 2 . Complete confluence was reached in 7-9 days, and flasks were then shaken on an orbital shaker for 1 h (150 rpm at 37°C). These cultures were continued for three or four passages and contained at least 95% positive cells of glial fibrillary acidic protein, as determined by immunofluorescent microscopy.
Real-time PCR-The total RNA from the brains of mice and cultured astrocytes was extracted with TRIzol reagent (Invitrogen). First-strand cDNAs were generated using the Prime-Script TM RT reagent kit (TaKaRa, Otsu, Japan), and SYBR Premix Ex Taq TM -based real-time PCR (TaKaRa) was used to analyze the relative expression levels of the following genes with different primer sets indicated: IL-17, 5Ј-CTC AGA CTA CCT CAA CCG TTC-3Ј (forward) and 5Ј-TGA GCT TCC CAG ATC ACA GAG-3Ј (reverse); IL-6, 5Ј-CCA CGG CCT TCC CTA C-3Ј (forward) and 5Ј-AAG TGC ATC ATC GTT GT-3Ј (reverse); TNF-␣, 5Ј-CAT CTT CTC AAA ATT CGA GTG ACA A-3Ј (forward) and 5Ј-TGG GAG TAG ACA AGG TAC AAC CC-3Ј (reverse); MIP-2, 5Ј-GCC CCT CCC ACC TGC CGG CTG C-3Ј (forward) and 5Ј-CTG AAC CAG GGG GGC TTC AGG G-3Ј (reverse); MCP-1, 5Ј-AGA GAG CCA GAC GGA GGA AG-3Ј (forward) and 5Ј-GTC ACA CTG GTC ACT CCT AC-3Ј (reverse); MCP-5, 5Ј-GGA AGC TGA AGA GCT ACA GGA GAA-3Ј (forward) and 5Ј-GAA GGT TCA AGG ATG AAG GTT TGA-3Ј (reverse); GAPDH, 5Ј-CCT TCA TTG ACC TCA ACT AC-3Ј (forward) and 5Ј-GGA AGG CCA TGC CAG TGA GC-3Ј (reverse). The miR-CURY LNA Universal RT microRNA PCR system (Exiqon) was used in conjunction with real-time PCR and SYBR Green Supermix (Roche Applied Science) for quantifying miRNA transcripts. U6 snRNA was used as an internal control with the following primers: 5Ј-CGC TTC GGC AGC ACA TAT AC-3Ј (forward) and 5Ј-TTC ACG AAT TTG CGT GTC AT-3Ј (reverse). The relative gene expression was calculated using the 2 Ϫ⌬⌬CT method.
ELISA-The levels of IL-17, IL-6, TNF␣, MIP-2, and MCP-1/5 in the peripheral blood of mice or supernatants of cultured The Role of miR-873 in Astrocytes and EAE astrocytes were detected using an IL-17 ELISA kit (BioLegend) or an IL-6, TNF␣, MIP-2, and MCP-1/5 ELISA kit (eBioscience) according to the manufacturer's instructions.
Western Blot-As described previously (23) , equal amounts of protein from the mouse brain tissue or the cultured astrocytes were separated on SDS-polyacrylamide gels, transferred to PVDF membrane, and probed with specific antibodies for ROR␥t, A20, p-NF-B/p65, NF-B, and phospho-IKB␣. The expression of ␤-actin was used as a loading control.
miRNA Microarray Analysis and miRNA Target Prediction-The total RNA from the mouse brain tissue and astrocytes was extracted using TRIzol reagent and the RNeasy minikit (Qiagen) and was labeled with Hy3 fluorescent dyes. Labeled samples were hybridized to miRCURY LNA TM microRNA array slides with a coverage of 744 unique mouse microRNAs (Exiqon, 208301-A) using the miRCURY LNA TM Power labeling kit and the miRCURY LNA TM microRNA array kit (Exiqon). The median normalization method was used to obtain "normalized data," and normalized data ϭ (foreground Ϫ background)/median. The full-length 3Ј-UTR of mouse A20 (BC060221.1) was obtained from the NCBI database, and miRNA sequences were obtained from miRBase. Four prediction programs (miRanda, TargetScan, PicTar, and RNAhybrid) were used to assess potential target sites for miRNA.
miRNA Mimics and miR-873 Inhibitor Synthesis-miRNA mimics and negative control of miRNA mimics (miR-NC) were synthesized by GenePharma with the following sequences: miR-323-5p mimics, 5Ј-AGG UGG UCC GUG GCG CGU UCG C-3Ј; miR-139 -5p mimics, 5Ј-UCU ACA GUG CAC GUG UCU CCA G-3Ј; miR-763mimics, 5Ј-CCA GCU GGG AAG AAC CAG UGG C-3Ј; miR-873 mimics, 5Ј-GCA GGA ACU UGU GAG UCU CCU-3Ј; miR141 mimics, 5Ј-UAA CAC UGU CUG GUA AAG AUG G-3Ј; miR-NC mimics, 5Ј-UUG UAC UAC ACA AAA GUA CUG-3Ј. The miRCURYLNA TM inhibitor for miR-873 (LNA-anti-miR-873, 5Ј-AGG AGA CTC ACA AGT TCC T-3Ј) was obtained from Exiqon.
3Ј-UTR Plasmid Construction and Luciferase Reporter Assays-The full-length 3Ј-UTR of A20 was amplified and cloned into the pGL3-Promoter vector (Promega) at the XbaI restriction site. Mutations of A20 3Ј-UTR were introduced into the miRNA-binding sites by the QuikChange mutagenesis kit (TaKaRa). Using the Neon TM electrotransfection system, astrocytes or HEK293T cells were transfected with the pGL3-Promoter luciferase vector containing wild-type A20 3Ј-UTR (pGL3-Promoter/WT A20) or mutant A20 3Ј-UTR (pGL3-Promoter/Mut A20) accompanied by miR-323-5p, miR-139-5p, miR-763, miR-873, miR-141, and mutant miR-873, respectively. As previously described, luciferase activity was determined using the Dual-Luciferase assay system (Promega) at 48 h after transfection. Experiments were performed at least in triplicate, and the luciferase activity was normalized to Renilla luciferase activity (24) .
Lentiviral miR-873 Construction-A genomic sequence spanning the mouse miR-873 coding region or miR-873-specific inhibitory oligonucleotide (miR-873 sponge) was cloned into the lentiviral vector pGLV-H1-GFP. A woodchuck hepatitis post-transcriptional regulatory element (WPRE) was also incorporated for optimal gene expression, and all constructs were verified by sequencing.
A20 shRNA Expression Plasmids and Lentiviral Vector
Construction-To silence the mouse A20 gene, three different shRNA sequences against A20 mRNA were designed. The different plasmids of A20 shRNA were constructed using pGPU6/ GFP, and the most effective shRNA expression plasmid was chosen for further experiments. Meanwhile, the scrambled control shRNA (ctrl shRNA) expression plasmid was used as a negative control. In addition, A20 shRNA or ctrl shRNA was cloned into the pGLV-H1-GFP lentiviral vector.
Histopathology-Mice were perfusion-fixed with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) under anesthesia. Brains and spinal cords were removed quickly and further fixed with the same fixation solution overnight at 4°C. With light microscopy, the histological evaluation of brains and spinal cord tissues was performed on 4-m paraffin-embedded sections stained with hematoxylin and eosin (H&E) or luxol fast blue (LFB) to assess inflammation and demyelination. For immunofluorescent staining, frozen sections (20 m) from brain tissue were incubated with anti-A20 (Abcam) and antiglial fibrillary acidic protein (Abcam). Immunohistochemistry for A20 and p-NF-B on the mouse tissue sections was performed as described previously (23) . For electron microscopy (EM), ultrathin sections of brains and spinal cord tissues were stained with uranyl acetate and lead citrate, and the ultrastructural changes were observed (24) .
Statistical Analysis-Statistical analysis was performed with GraphPad Prism version 5.0 software using the two-tailed unpaired Student's t test or one-way multiple-range analysis of variance. A Mann-Whitney test was used for nonparametric data (EAE scoring). Values are expressed as the means Ϯ S.E. A p value of Ͻ0.05 was considered significant.
RESULTS

Changes of IL-17, A20, and p-NF-B Expression in the Brain
Tissue of EAE Mice-Recent studies on MS patients and EAE mice have confirmed that Th17/IL-17 is involved in inflammatory injury (8, 25) . To assess the role of Th17 cells and the levels of IL-17 and several inflammatory cytokines and chemokines in the EAE mice, we first induced EAE in mice and scored on a daily basis ( Fig. 1A) and then detected the ROR␥t expression at different times in the brain tissue of EAE mice induced by MOG . Meanwhile, the production of IL-17, IL-6, TNF-␣, MIP-2, and MCP-1/5 in the brain tissue and peripheral blood of EAE mice was detected by real-time PCR and ELISA, respectively. The results showed that the expression of ROR␥t was significantly increased on day 14 after MOG(35-55) immunization and then gradually elevated until day 20 compared with negative control (NC) groups (Fig. 1B) . The expression of IL-17 mRNA and protein began to increase on day 7 after administration of MOG . On day 20, the level of IL-17 was significantly enhanced (Fig. 1, C and D) . Meanwhile, EAE scoring reached an average of 4.0. Similarly, the production of IL-6, TNF-␣, MIP-2, and MCP-1/5 in EAE mice was also upregulated following the development of EAE (supplemental Fig.  1, A and B) . Subsequently, we examined the levels of A20 expression and NF-B activation in EAE mice. Western blot analysis indicated that the level of A20 protein was decreased in the brain tissue of EAE mice on day 14 and was even lower on The Role of miR-873 in Astrocytes and EAE OCTOBER 17, 2014 • VOLUME 289 • NUMBER 42 day 20 after MOG(35-55) immunization ( Fig. 1E ). Moreover, immunofluorescent staining showed that A20 protein was expressed in the brain astrocytes, and its level was reduced 20 days after MOG(35-55) immunization (Fig. 1F ). In contrast, the phosphorylation of NF-B (p-NF-B/p65 expression) showed a time-dependent increase and reached a higher level in the brain tissue of mice on day 20 after MOG(35-55) immunization ( Fig. 1G ). OCTOBER 17, 2014 • VOLUME 289 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 28975 their peak at 6 h after IL-17 stimulation in astrocytes ( Fig. 2A) . Meanwhile, the secretion of inflammatory cytokines and chemokines in the culture supernatants also increased at 6 h after IL-17 treatment and peaked at 12 h (Fig. 2B ). Furthermore, the expression of A20 protein at 6 h in the astrocytes in response to IL-17 stimulation showed a significant decrease, whereas the phosphorylation level of NF-B (p-NF-B/p65) displayed a significant increase (Fig. 2C ). Taken together, the results in vitro indicated that the mouse astrocytes exposed to IL-17 increased the production of IL-6, TNF-␣, MIP-2, MCP-1/5, and p-NF-B/p65 and decreased the expression of A20 protein. A, comparative microarray analysis indicated that 48 miRNAs on day 14 and 42 miRNAs on day 20 were up-regulated (1.5-fold higher than NC group) in the brain tissue of mice after MOG(35-55) immunization, and 89 miRNAs were up-regulated at 3 h in the primary astrocytes with IL-17 treatment. Specifically, 11 miRNAs were differentially co-up-regulated in the above three groups. B and C, real-time PCR analysis for five miRNAs among the 11 miRNAs showed that these miRNAs occurred in higher levels both in vivo and in vitro compared with NC or DMEM controls. *, p Ͻ 0.05; **, p Ͻ 0.01 versus NC or DMEM groups (n ϭ 3 mice/group). U6 snRNA was a loading control. Error bars, S.E. Analysis of miRNA Expression Profiles in the Brain Tissue of EAE Mice and in the Astrocytes Stimulated with IL-17-Recent studies have revealed that miRNAs can regulate the production of cytokines both in MS patients and EAE mice (15, 16, 26, 27) . However, the changes of miRNA expression profiles both in the brain tissue of EAE mice (in vivo) and in the astrocytes upon IL-17 stimulation (in vitro) remain unclear. We used an miRNA microarray to identify the miRNA expression profiles in the brains of the EAE mice after MOG(35-55) immunization on day 14 and day 20 and in the cultured primary astrocytes stimulated with IL-17 at 3 and 6 h. The data showed that 90 miRNAs were up-regulated (at least 1.5-fold higher than NC mice), and 42 miRNAs were down-regulated (at least 0.5-fold lower than NC mice) in the brain tissue of EAE mice. Meanwhile, 98 miR-NAs (89 miRNAs at 3 h and 9 miRNAs at 6 h) were up-regulated (at least 1.5-fold higher than DMEM control groups), and 62 . Screening and identification of miRNAs targeted A20 gene. A, mouse primary astrocytes were transfected with predicted miRNAs (miR-323-5p, miR-139-5p, miR-763, miR-873, and miR-141) complementary to A20 3Ј-UTR using the Neon TM electron transfection system for 48 h, and the expression of A20 in astrocytes was detected by a Western blot assay. Results showed that the protein level of A20 was significantly reduced (**, p Ͻ 0.01) in astrocytes transfected with miRNA mimics (miR-323-5p, miR-763, and miR-873) compared with the control miRNA mimics (miR-NC), especially miR-873. B, the astrocytes were transfected with the luciferase reporter containing WT A20 3Ј-UTR (pGL3-Promoter/WT A20) accompanied by the transfection of the above miRNAs for 48 h. The luciferase activity of pGL3-Promoter/WT A20 was significantly suppressed in miR-323-5p, miR-763, and miR-873 groups compared with miR-NC groups (*, p Ͻ 0.05; **, p Ͻ 0.01). C, sequences of mutations in A20 3Ј-UTR (Mut A20 3Ј-UTR) or in miR-873 seed sequences binding to A20 (Mut miR-873). D, the astrocytes were co-transfected with WT miR-873 or Mut miR-873 accompanied by the pGL3-Promoter/WT A20 vector as well as with WT miR-873 with the pGL3-Promoter/ Mut A20 vector. The luciferase activity of the respective corresponding vector was analyzed. **, p Ͻ 0.01 versus miR-NC groups. Data are from three independent experiments. Error bars, S.E. OCTOBER 17, 2014 • VOLUME 289 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 28977 miRNAs were down-regulated (at least 0.5-fold lower than DMEM control groups) in the astrocytes after IL-17 stimulation (examples of up-regulated or down-regulated miRNAs in vivo and in vitro are shown in supplemental Tables 1-4). Notably, there were 11 miRNAs that differentially co-up-regulated both in the brain tissue of EAE mice and in the astrocytes stimulated with IL-17 for 3 h (Fig. 3A and Table 1 ). Of these co-upregulated miRNAs, several miRNAs, such as miR-409-3p, miR-141, miR-873, miR-1967, and miR-18b, were also validated by real-time PCR (Fig. 3, B and C) .
The Role of miR-873 in Astrocytes and EAE
Screening and Identification of the miRNAs Complementary to A20 3Ј-UTR-The potential targets of miRNAs were predicted from several widely used prediction algorithms, including TargetScan, PicTar, miRanda, and RNAhybrid. Computational prediction indicated that the miRNAs (miR-323-5p, miR-139 -5p, miR-763, miR-873, and miR-141) could bind to A20 3Ј-UTR. To investigate the role of these miRNAs in regulating A20, we transfected them using the Neon TM transfection system (MPK5000) into mouse primary astrocytes. Western blot results showed that miR-323-5p, miR-763, and miR-873 Thereafter, the cells were subjected to IL-17 stimulation for 6 h. A, the astrocytes transfected with miR-873 mimics or LNA-anti-miR-873 showed greater or lower mRNA expression of miR-873 compared with LNA-ctrl groups, respectively. Measured transcript levels were normalized to U6 snRNA expression. B and C, the mRNA and protein levels of IL-6, TNF-␣, MIP-2, MCP-1, and MCP-5 in the astrocytes transfected with LNA-ctrl, miR-873 mimics, or LNA-anti-miR-873 were analyzed using real-time PCR and ELISA, respectively. D, the astrocytes were transfected with LNA-ctrl, miR-873 mimics, or LNA-anti-miR-873 for 48 h, separately, and then stimulated with IL-17 for 3 h. The protein level of A20 in the astrocytes transfected with miR-873 mimics was significantly decreased compared with LNA-ctrl groups by Western blot analysis. reduced A20 protein expression compared with the miRNA control mimics (negative control), especially miR-873 ( Fig. 4A) . At the same time, we cloned 3Ј-UTR of the mouse wild-type (WT) A20 gene into the luciferase reporter vector (pGL3-Promoter/WT A20). The co-transfection of these miRNAs with pGL3-Promoter/WT A20 to astrocytes resulted in a significant suppression of luciferase activity of pGL3-Promoter/WT A20 reporter by miR-323-5p, miR-763, and miR-873, whereas the co-transfection of the negative control miRNA did not show any effects on luciferase activity (Fig. 4B) . Considering that the down-regulation of A20 expression in astrocytes by miR-873 was much stronger than that of other miRNAs, we selected miR-873 for further study. Additionally, to verify the specificity of miR-873-mediated A20 repression, the putative binding sites of the A20 3Ј-UTR and miR-873 seed region were mutated. The 3Ј-UTR of mouse A20 gene contains a 7-mer (GTTCCTG), which is perfectly complementary to the seed region of miR-873 ( Fig. 4C) . In mouse primary astrocytes, the co-transfection of miR-873 with pGL3-Promoter/WT A20 or pGL3-Promoter/ Mut A20 reporter (a mutated A20 3Ј-UTR vector) showed that miR-873 significantly inhibited the luciferase activity of the pGL3-Promoter/WT A20 but not that of the pGL3-Promoter/ Mut A20 (Fig. 4D) . Likewise, the astrocytes co-transfected with the mutated miR-873 either did not show decreased luciferase activity of the pGL3-Promoter/WT A20 reporter (Fig. 4D) . Taken together, these data suggest that A20 is a functional target of miR-873.
The Effects of miR-873 on the Production of IL-6, TNF-␣, MIP-2, and MCP-1/5 as Well as A20 and p-NF-B in Astrocytes
Stimulated with IL-17-In order to confirm that miR-873 upregulated both in vivo and in vitro promotes the production of inflammatory cytokines in astrocytes after IL-17 stimulation, the mouse primary astrocytes were transfected with LNA-ctrl, miR-873 mimics, and LNA-anti-miR-873 (miR-873 inhibitor, locked nucleic acid anti-miR-873, Exiqon) for 48 h, respectively, and then stimulated with IL-17 for 6 h. The results showed that the astrocytes transfected with miR-873 had a 10-fold greater expression of mature miR-873, and those transfected with LNAanti-miR-873 showed a 2-fold lower expression compared with the LNA-ctrl groups (Fig. 5A ). Next, we examined the mRNA and protein levels of IL-6, TNF-␣, MIP-2, and MCP-1/5 using realtime PCR and ELISA, respectively. As expected, the astrocytes transfected with miR-873 mimics or LNA-anti-miR-873 significantly increased or decreased the levels of IL-6, TNF-␣, MIP-2, and MCP-1/5 production, respectively (Fig. 5, B and C) . Moreover, the astrocytes transfected with miR-873 mimics and then stimulated with IL-17 for 3 h remarkably reduced the A20 expression while enhancing the p-NF-B/p65 level, and LNA-anti-miR-873 reversed the changes of A20 and p-NF-B/p65 expression by miR-873 mimics (Fig. 5, D and E) . These data reveal that miR-873 plays a role in regulating the production of inflammatory cytokines and inflammation-related proteins in the astrocytes treated by IL-17.
The Effects of A20 on the Activation of NF-B and the Production of IL-6, TNF-␣, MIP-2, and MCP-1/5 in the Astrocytes Stimulated with IL-17-To prove that A20 can negatively modulate the NF-B signaling pathways in astrocytes, we generated A20 shRNA plasmids using the pGPU6/GFP vector, and the most effective plasmid that could silence the A20 gene was chosen for further experiments. Thereafter, the mouse primary astrocytes were transfected with either A20 shRNA or the ctrl shRNA plasmids for 72 h, followed by IL-17 treatment for 6 h. After this treatment, the activation of NF-B in astrocytes was investigated by Western blot. As shown (Fig. 6A) , silencing A20 prior to IL-17 treatment in astrocytes remarkably enhanced the phosphorylation of NF-B (p-NF-B/p65) compared with IL-17 treatment alone. In addition, silencing A20 in astrocytes strongly increased IL-6, TNF-␣, MIP-2, and MCP-1/5 production (Fig. 6, B and C) . These findings suggest that A20 mediates NF-B activation and the production of inflammatory cytokines in astrocytes. To further explore the potential signaling pathway of the inflammatory cytokine production in the astrocytes in response to IL-17, the effects of p-NF-B on the synthesis of these cytokines in the astrocytes upon IL-17 were detected. The results showed that the astrocytes administrated with ammonium pyrrolidine dithiocarbamate (PDTC; inhibitor of NF-B activation) at 2 h prior to the IL-17 stimulation markedly diminished the expression of p-NF-B/p65 (Fig. 6D ), including five cytokines described previously at 6 h after IL-17 treatment (Fig. 6, E and F) . Together, these data imply that the production of inflammatory cytokines in the astrocytes stimulated by IL-17 is mediated by the miR-873/A20/NF-B pathway.
The Roles of miR-873 in the Production of IL-6, TNF-␣, MIP-2, MCP-1/5, A20, and p-NF-B in EAE Mice-To further demonstrate the effects of miR-873 on the production of proinflammatory cytokines, A20, and p-NF-B/p65 in EAE mice, the lentiviral (LV) expression vectors with green fluorescent protein (GFP) of LV-ctrl (a mutant miR-873 control), LV-miR-873 (encoding pre-miR-873), and LV-miR-873 sponge (antagonizing the endogenous miR-873 activity) were constructed and then injected into C57BL/6 mice through the tail vein. Briefly, the mice were injected with 5 ϫ 10 7 transforming units/ mouse of recombinant lentivirus. On day 7 after the recombinant lentivirus injection, the EAE model was induced by immunizing MOG(35-55) for 18 days. Then the efficacy of miR-873 expression in the brain tissue of miR-873-infected mice and LV-sponge-infected mice was separately assessed using realtime PCR. The results from frozen sections showed that the recombinant lentivirus could reach the CNS on day 7 after the recombinant lentivirus injection (data not shown). The mice infected with LV-miR-873 mimics or LV-sponge had a higher or lower expression of miR-873, respectively, in the brain compared with LV-ctrl groups (Fig. 7A ). In addition, the overexpression of miR-873 in the brains of EAE mice treated with LV-miR-873 showed significantly increased levels of IL-6, TNF-␣, MIP-2, and MCP-1/5. Conversely, the repression of the endogenous miR-873 in EAE mice infected with LV-sponge diminished the production of these inflammatory cytokines (Fig. 7, B and C) . Similar changes were identified in the spinal cords of EAE mice treated with different lentivirus vectors (data not shown). Notably, the EAE mice injected with LV-miR-873 showed a markedly down-regulated A20 expression, but the mice with LV-sponge treatment reversed the decreased A20 level (Fig. 7D ). In addition, the EAE mice administered with the LV-sponge substantially suppressed the phosphorylation of IKB␣ and NF-B compared with the LV-ctrl groups, and there was no effect on NF-B expression in the mice treated with LV-miR-873 or LV-sponge (Fig. 7E) . To further investigate the roles of miR-873 in A20 and p-NF-B/p65 production, the FIGURE 7. The effects of miR-873 on the production of inflammatory cytokines, the expression of A20 protein, and the level of p-NF-B/p65 in EAE mice. Mice were injected with various recombinant lentivirus (LV-control, LV-miR-873, or LV-sponge) for 7 days and then immunized with MOG(35-55) for 18 days (n ϭ 10 mice/group). A, the EAE mice infected with LV-miR-873 or LV-sponge showed higher or lower miR-873 mRNA levels in the brain tissue compared with the LV-ctrl group. B, the EAE mice treated with LV-miR-873 or LV-sponge showed higher or lower mRNA levels of IL-6, TNF-␣, MIP-2, and MCP-1/5 in the cells. C, the changes of these cytokines in the peripheral blood of the EAE mice in LV-control, LV-miR-873, and LV-sponge treatment groups by ELISA were similar to the changes of the corresponding mRNA in the brain tissue of the EAE mice. D, A20 expression in the mouse brain tissue was detected using a Western blot assay. The EAE mice administered with LV-miR-873 or LV-sponge had remarkably down-regulated or up-regulated A20 expression, respectively. E, the EAE mice infected with LV-miR-873 or LV-sponge notably increased or decreased the protein levels of both phospho-IKB␣ and p-NF-B/p65 in the brain tissue, respectively. F, the immunohistochemical staining of A20 and p-NF-B/p65 in the spinal cord of different groups, and examples showed that the mice treated with LV-sponge had significantly up-regulated A20 expression in cytoplasm, whereas p-NF-B/p65 expression in the nucleus was down-regulated. Scale bars, 50 m. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 versus NC groups. #, p Ͻ 0.05; ##, p Ͻ 0.01 versus LV-ctrl ϩ EAE groups. Error bars, S.E. OCTOBER 17, 2014 • VOLUME 289 • NUMBER 42
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immunohistochemistry of A20 and p-NF-B/p65 was performed in the spinal cords of EAE mice. As shown, strong A20 immunoreactivity in cytoplasms and weak p-NF-B/p65 immunoreactivity in nuclei were found in NC mice (Fig. 7F, a  and b) . In EAE mice treated with LV-ctrl, A20 immunoreactivity was decreased, and p-NF-B/p65 immunoreactivity was significantly increased (Fig. 7F, c and d) . Moreover, the A20 immunoreactivity was lower and p-NF-B/p65 immunoreactivity was higher in EAE mice treated with LV-miR-873, compared with EAE mice injected with LV-ctrl (Fig. 7F, e and f) . However, in EAE mice treated with LV-sponge, the A20 immunoreactivity was reversed and significantly enhanced, whereas the p-NF-B/p65 immunoreactivity was markedly inhibited (Fig. 7F, g  and h) . Collectively, these data imply that the production of inflammatory cytokines and chemokines in EAE mice is indeed regulated by the miR-873/A20/NF-B pathway.
The Effects of miR-873 on Behavior and Pathology of EAE Mice-In a recent study, miR-326 expression was demonstrated to correlate with disease severity in MS patients and EAE mice (28) . Mice with miR-155 deletions (Mir155 Ϫ/Ϫ ) are highly resistant to EAE (27, 29) . To further verify whether miR-873 contributes to the development and pathogenesis of EAE, we assessed the efficacy of miR-873 through the systemic administration of various lentivirus vectors in vivo. The results showed that the EAE mice infected with LV-miR-873 developed more severe EAE, whereas the EAE mice treated with LV-sponge had a delayed onset of EAE and had milder clinical behavior of EAE (Fig. 8A ). In addition, spinal cord sections showed that the EAE mice infected with LV-miR-873 developed prominent inflammatory cell infiltration, whereas the mice infected with LV-sponge had minor inflammation on day 18 after MOG(35-55) immunization (Fig. 8B) . Similarly, LFB staining manifested that the mice treated with LV-miR-873 appeared to have severe demyelination, whereas the mice infected with LV-sponge had markedly lessened demyelination (Fig. 8C) . Specifically, the myelin sheath of the EAE mice injected with LV-miR-873 was ruptured and disintegrated under EM, whereas only a mild loosening of the medullary sheath was seen in the EAE mice injected with LV-sponge (Fig.  8D) . These findings indicate that the knockdown of miR-873 in vivo can ameliorate the pathological changes in EAE mice.
The Roles of A20 in p-NF-B Expression, Inflammatory Cytokine Production, and Pathological Changes in EAE Mice-To investigate the effect of A20 on the development of EAE, we constructed lentiviral expression vectors with GFP of LV-A20 shRNA (including LV-ctrl shRNA) and injected them into the mice through the tail vein. Seven days later, EAE was induced by MOG(35-55) for 16 days. Clinical scores showed that LV-A20 shRNA-infected mice developed severe EAE, including the advancement of the onset of EAE (Fig. 9G) . Meanwhile, the EAE mice injected with LV-A20 shRNA showed a significantly down-regulated A20 protein level and an enhanced NF-B activation in the brain, compared with LV-ctrl shRNA-infected mice. However, the NF-B expression showed no statistical significance among different groups (Fig. 9, A and B) . The levels of IL-6, TNF-␣, MIP-2, and MCP-1/5 were all remarkably elevated in LV-A20 shRNA-infected mice compared with LV-ctrl shRNA-infected mice (Fig. 9C ). Furthermore, the EAE mice pretreated with LV-A20 shRNA had more inflammatory cell infiltration ( Fig. 9D ) and more severe demyelination lesion in the spinal cord ( Fig. 9, E and F) . Similar changes in the brain were also observed (data not shown). Collectively, these findings reveal that silencing the A20 expression markedly aggravates tissue lesions both in brains and spinal cords of EAE mice, which may be associated with an increased inflammatory reaction via the A20/NF-B pathway.
DISCUSSION
Reportedly, miRNA regulation may play an important role in the development or prevention of some autoimmune diseases (30) . Here, we demonstrated that miR-873 was co-up-regulated both in EAE mice and in astrocytes. Upon IL-17 stimulation, miR-873 can directly target the A20 gene and promote NF-B activation, leading to the enhanced production of inflammatory and chemotactic cytokines both in vivo and in vitro. More importantly, inhibiting endogenous miR-873 in vivo greatly decreased inflammation and demyelination, thereby ameliorating the development of EAE.
IL-17 can contribute to EAE pathogenesis; specifically, the blockade of IL-17 signaling in mouse astrocytes attenuates EAE (9) . As one of the resident cells in the CNS, astrocytes serve as a bridge between the CNS and the immune system (10) . Aberrant expression of cytokines and chemokines in astrocytes often accompanies CNS disorders, such as MS, Alzheimer disease, and brain injury/trauma (10, 31) . Our data showed that the levels of IL-17, IL-6, TNF-␣, MIP-2, and MCP-1/5 were increased rapidly on day 20 in the EAE model. Meanwhile, A20 or p-NF-B/p65 expression either decreased or increased by 20 days after the EAE induction, respectively. Additionally, the levels of several of the above cytokines in primary astrocytes upon IL-17 stimulation significantly increased at 6 h, whereas A20 protein expression decreased, and p-NF-B/p65 level increased remarkably. However, it remains unclear how IL-17 regulates inflammatory cytokine production of mouse astrocytes and the EAE pathological process.
In a recent study, Zhu et al. (32) demonstrated that IL-17 contributed to autoimmune pathogenesis by suppressing miR-23b expression in radio-resident cells and promoting proinflammatory cytokine synthesis. Moreover, strong evidence suggests that miRNAs play an important role in a wide range of complex human diseases by targeting multiple transcripts (33, 34) . During the past few years, studies of miRNA expression profiles from blood cells and CNS lesions of MS patients have demonstrated that aberrant miRNA levels and functions are associated with MS (26, (35) (36) (37) . However, the changes in miRNA expression profiles both in the brain tissue of EAE mice and in mouse astrocytes stimulated with IL- 17 have not yet been revealed. Thus, by employing miRNA microarray and real-time PCR, we surveyed the differentially expressed miR-NAs in vivo and in vitro. Notably, there were 11 miRNAs that differentially co-up-regulated both in the of EAE mice and in the astrocytes stimulated with IL-17 for 3 h. It is clear that different miRNA may suppress the same target gene expression. Hence, we screened and identified some up-regulated miRNAs complementary to A20 3Ј-UTR. The results of the luciferase assay and Western blot suggest that miR-873 (a coup-regulated miRNA in vivo and in vitro) can directly target A20 mRNA and markedly modulate A20 protein expression.
Recently, several studies confirmed that miR-326, miR-155, miR-182, and miR-146a affect the functions of T and B cells, thereby modulating autoimmune diseases (28, 29, 38, 39) . Furthermore, the microRNA-132/212 cluster affects Th17 differentiation and EAE pathogenesis (40, 41) . After exposure to FIGURE 9 . The effects of A20 gene knockdown on p-NF-B expression and pathological changes in the brain or spinal cord of EAE mice. Mice were injected with recombinant LV-A20 shRNA or LV-ctrl shRNA lentivirus for 7 days and then immunized with MOG(35-55) for 16 days (n ϭ 10 mice/group). A, the EAE mice treated with LV-A20 shRNA lentivirus showed a marked down-regulation of A20 protein in the brain tissue using Western blot analysis (n ϭ 3). B, Western blot analysis showed that LV-A20 shRNA lentivirus-infected mice presented a notable up-regulation of p-NF-B/p65 protein in the brain tissue compared with other groups. C, the levels of IL-6, TNF-␣, MIP-2, and MCP-1/5 in the brain tissue and in peripheral blood of LV-A20 shRNA lentivirus-infected mice and LV-ctrl shRNA lentivirus-infected mice were analyzed using real-time PCR and ELISA, respectively. D, H&E staining showed more inflammatory infiltration in the spinal cords of EAE mice pretreated with LV-A20 shRNA lentivirus (scale bars, 50 m). E, demyelination lesions in the white matter of the spinal cords isolated from different treatment mice were analyzed with LFB staining (scale bars, 50 m). F, under EM, the EAE mice in the LV-A20 shRNA-infected group exhibited a clearer loosening and disruption of the myelin sheath of the spinal cord (scale bars, 1 m). G, the clinical scores for EAE mice infected with LV-A20 shRNA or LV-ctrl shRNA lentivirus (n ϭ 10 mice/group). *, p Ͻ 0.05; **, p Ͻ 0.01 versus NC groups. #, p Ͻ 0.05; ##, p Ͻ 0.01 versus LV-ctrl shRNA groups. Error bars, S.E. interferon-␥ (IFN-␥) and lipopolysaccharide (LPS) in vitro, the expressions of miRNA-155, miRNA-146a, and miRNA-146b were up-regulated in mouse astrocytes (42) . In the current study, we found that miR-873 was significantly up-regulated in primary mouse astrocytes upon IL-17 stimulation and that the overexpression of miR-873 in astrocytes not only enhanced the levels of inflammatory cytokines and chemokines, such as IL-6, TNF-␣, MIP-2, and MCP-1/5, including p-NF-B/p65, but also reduced A20 protein expression in response to IL-17 stimulation. In contrast, the knockdown of miR-873 with LNA-anti-miR-873 in mouse astrocytes effectively reversed these changes.
It was revealed that A20-deficient mice died prematurely as a result of spontaneous multiorgan inflammation and cachexia (43) . The mice lacking A20 specifically in the myeloid compartment (Tnfaip3 fl/fl LysM-Cre) also developed autoimmune disease, and Tnfaip3 fl/fl LysM-Cre mice exhibited elevated serum levels of inflammatory cytokines (e.g. TNF, IL-1␤, and IL-6) that were also mirrored in joint tissue (44) . It was initially found that multiple NF-B-activating stimuli could induce A20 expression via NF-B binding sites in the A20 promoter (45) , and subsequent studies also found that the overexpression of A20 inhibited NF-B activation in response to different stimuli (46) . Thus, A20 is an important negative feedback regulator of NF-B that is essential for immune homeostasis (47) . Our current study also demonstrated that silencing A20 enhanced the phosphorylation of NF-B and strongly drove the production of inflammatory cytokines and chemokines (IL-6, TNF-␣, MIP-2, and MCP-1/5) in the astrocytes upon IL-17 stimulation. In addition, the administration of PDTC markedly diminished the increased level of these cytokines and the p-NF-B/p65 protein in mouse astrocytes at 6 h after IL-17 treatment (Fig. 6 , D-F). Taken together, our findings indicate that the co-upregulated miR-873 in vivo and in vitro promotes the production of inflammatory cytokines and chemokines via inhibiting A20 and enhancing the NF-B activation.
It has been reported that the blockade of IL-17 signaling in mouse astrocytes could attenuate the damage of EAE mice (9) . Given that the inhibition of miR-873 in vitro could increase A20 expression and decrease NF-B activation and inflammatory cytokine production, we constructed the lentiviral expression vectors of LV-miR-873 and LV-miR-873 sponge and injected them into the EAE mice to further corroborate our results in vitro. The data in vivo showed that the overexpression of miR-873 suppressed A20 protein expression and facilitated the phosphorylation of NF-B as well as the production of IL-6, TNF-␣, MIP-2, and MCP-1/5 in EAE mice. Correspondingly, the inhibition of endogenous miR-873 in vivo greatly decreased the inflammation and demyelination of the CNS and ameliorated the development of EAE. In addition, silencing the A20 gene markedly aggravated tissue lesions both in the brain and spinal cord of EAE mice. Here it is worth mentioning that although injection of LV-miR-873 in vivo might impact the function of other cells besides astrocytes, knockdown of endogenous miR-873 greatly decreased the pathologic changes in CNS of mouse with EAE, indicating that the effect is partially mediated by decreasing production of proinflammatory cytokines in mouse astrocytes at least.
In summary, our study presents evidence suggesting that IL-17 induces aberrant expression of miRNA in brain astrocytes, and the co-expression miRNA (miR-873), both in the brain tissue of EAE mice and in mouse primary brain astrocytes upon stimulation with IL-17, can regulate the production of inflammatory cytokines and chemokines in vitro and in vivo, resulting in effects on the development of EAE. Thus, these findings provide new insights into the role of miRNA and a novel therapeutic target for the corresponding autoimmune disease.
